In contrast to transition metals (TMs), main-group metals (MMs) show a bewildering variety of bonding arrangements to cyclopentadienyl (Cp) groups, including electron-precise, electron-excess, and electron-deficient structures. From a theoretical examination of a large number of representative species, and a comparison with experimental structures, we have deduced three factors which combine to produce this variety. (1) The drive toward electronprecise structures is caused by the preference for electronic saturation (8e rule, similar to the TM 18e rule). (2) A high degree of ionicity leads (if space permits) to increased hapticity and hence to excess-electron structures; this is seen in complexes of Li, Na, Mg, and Al and, to a lesser extent, Pb and Bi. (3) The metal ns orbital has a preference for forming σ-bound structures. Thus, heavy involvement of this orbital in the bonding leads to a preference for σ-bound structures, even if these are electron-deficient. This last factor, in particular, leads to the paradoxical situation that adding a donor can increase the hapticity of the system. An examination of the slippage curves for a large number of systems shows that Cp-MM interactions are generally much "softer" than the corresponding Cp-TM interactions, leading to easy accessibility of a wide range of geometrical arrangements for many compounds. For intermediate-hapticity structures, valence-bond calculations indicate that the general preference for η 2 over η 3 structures is primarily due to ionic and σ bond interactions, the latter having a better orbital size match in the η 2 situation.
Introduction
Cyclopentadienyl ligands are traditionally associated with transition metals. Typically, transition metals form a strong, covalent, and symmetric η 5 bond to a cyclopentadienyl (Cp) group. In contrast, main-group metals show a bewildering variety of bonding arrangements, from symmetric η 5 via various slipped η x structures all the way to pure σ-bound, as well as numerous bridging modes; there is no single clearly preferred structural type. 1a In the transition-metal series, the few exceptions to the η 5 -bound situation that exist are easily explained on the basis of electron-counting rules. For main-group metals, no such uniform rules seem to exist. This is illustrated by the series of Cp 2 M + complexes of the group 13 metals, 2 where (according to calculations and, in part, confirmed by experiments) on going down the periodic table the structure changes from η 5 :η 1 (B; electron precise) to η 5 :η 5 (Al; electron excess) back to η 5 :η 1 (Ga, In; electron precise) and then to η 1 :η 1 (Tl; electron deficient). Kwon and McKee recently reviewed theoretical studies of main-group-metal sandwich and half-sandwich complexes. 1b Rayón and Frenking have analyzed the bonding between main-group metals and cyclopentadienyl groups in terms of electrostatic and orbital contributions. 1c They concluded that, except for boron, electrostatic interactions dominate the inter- action energy and are more important (at least in a relative sense) than in the transition series.
For many specific cases, observed structures have been rationalized on the basis of qualitative or quantitative MO arguments. While such explanations are certainly useful, they do not help much in understanding the trends in Cp-M bonding arrangements observed throughout the periodic table. In the current paper, we try to rectify this situation by studying a large series of Cp-main-group-metal complexes theoretically. We have not only focused on the most stable arrangement in each case but also have explicitly calculated the ring-slippage potential-energy curves. The advantage of such an approach is that it allows one to estimate the extent to which packing effects and substituents can influence the observed structures. This makes the conclusions more generally applicable.
In the present contribution, we concentrate on monomeric cyclopentadienyl derivatives. The formation of polymeric structures in the solid state, which is so typical for main-group metals, is only touched upon briefly, since it will be discussed in more detail in a separate paper.
Methods
Geometries and Slippage Curves. All structures were optimized at the B3LYP level 3 using the GAMESS-UK package. 4 Most structures were optimized within Cs symmetry to allow separate calculation of η 2 -and η 3 /η 1 -like structures. For definition of the "reaction coordinate" used for slippage curve calculations, see Figure 2 : the projection of the metal atom on the C 1C3C5 plane was dragged along the M15-C3 line in intervals of 0.3 Å, and the system was again restricted to Cs symmetry (mirror plane through M, C3, and M15). No other constraints were used.
All calculations involving first-and second-row main-group metals (Li-Si) used the 6-31G* basis set. 5 For calculations involving heavier atoms, we used the small split-valence 3-21G basis 6 on C and H and a split-valence basis with small-core pseudopotential (LANL2DZ 7 ) on the metal. Table 1 lists the calculated preferred structures of all species studied, together with relevant alternatives; Table 2 summarizes data obtained from the slippage curves (total energies for optimized structures and slippage curves are available as Supporting Information, Tables S1 and S2). The inner (r ) and outer (R ) limits for movement of the metal atom away from its central position above the ring, accessible within a predefined energy range, were obtained by interpolation from the slippage curves. ) 0 corresponds to movement toward C3, i.e., η 3 /η 1 /σ slippage, and ) π/5 to movement toward M15, i.e., η 2 slippage. For intermediate values of we assumed a linear dependence of r and R on . Integration leads to different expressions for the accessible area, depending on the shape of the accessible region (see Figure 3 for shape definitions): 8 (6) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 102, 939. (7) (a) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270. (b) Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1985, 82, 284. (c) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299. (8) For the local-area case, Rπ/5 and rπ/5 do not exist and we need another assumption about the behavior of R as a function of . We assumed (r ) R ) ) (1 -r0/R0)π/5) and again linear dependence of R on .
(9) Verbeek, J.; Langenberg, J. central area:
peripheral area: Cyclopentadienyl- Main-Group-Metal Bonding Organometallics, Vol. 22, No. 8, 2003 1565 To aid convergence, we determined these orbitals first for separate structures and combined them for the final calculation. We obtained the relative importance (weight) of each structure in the total wave function Ψ:
from the VB-SCF calculation with all structures. The weights 13 for each structure are calculated with Furthermore, we wanted to get insight into the energy contributions of the structures to the total energy of the molecules. Because of the nonorthogonality of the structures in the valence-bond method the contibutions of each of them and the resonances between them are not separable. We performed a Löwdin orthogonalization on the structures. Then the energy can be split into energy contributions for each structure ( i) and the resonances between them ( ij):
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In Figure 12 we show the orbitals that take part in the bonding of CpSiH; Figure 13 shows the orbitals for CpSiH3. These orbital pictures are made with Molden. 15 The contour surfaces are of orbital amplitude -0.1 (green) and 0.1 (blue).
Results

Approach.
For a large number of cyclopentadienyl derivatives of groups 1, 2, and 11-15, we have calculated the most stable structures andsin many casess relevant alternative structures. These are all listed in Table 1 . For many species, Table 1 contains an η 2 structure as well as a σ/η 1 /η 3 structure. Invariably, only one of these two is a local minimum, the other being the transition state for ring whizzing (movement of the metal atom along the periphery of the ring). The transition state was optimized by restriction to C s symmetry, within which it is a local minimum.
For a selection of the species in Table 1 , ring slippage potential energy curves have been determined. In ring slippage curves calculated in this way for Cp 2 M compounds, the second Cp ring will generally adjust its hapticity during the slippage, so that the "zero-slippage" point does not generally correspond to a η 5 :η 5 structure. Where applicable, fully symmetric D 5d η 5 :η 5 structures were calculated separately and are included in Table  1 . Slippage curves are not intended to model the actual movement of the metal over the Cp ring. Rather, they are used to systematically explore the energies of the various bonding modes (central, peripheral, σ) of the metal fragment to the Cp ring.
From the slippage curves, we can obtain an impression of the region above the Cp ring that is accessible to the metal fragment within a given energy tolerance. This region can have different shapes, as illustrated in Figure 3 . A central region includes the position above the ring centroid (though this does not necessarily correspond to the lowest energy). A peripheral region is obtained when the fragment can slip freely (within the given tolerance) along the ring perimeter but cannot move to the center. Finally, a localized region is obtained when only certain peripheral positions are accessible (e.g., only η 2 or only η 1 ). To quantify the flexibility of the system, we have calculated the shapes and areas (in Å 2 ) of these regions for energy tolerances of 5 (A 5 ) and 10 (A 10 ) kcal/mol. The former tolerance is probably an upper limit to packing forces that could occur in a crystal, and hence the 5 kcal/mol region comprises the arrangements one could reasonably expect in the solid state. The 10 kcal/mol region represents the arrangements that are easily accessible at or somewhat below room temperature and could, for example, be frozen out in VT-NMR studies. For comparison, the total area of a cyclopentadienyl ring is approximately 7 Å 2 . The results of the slippage curve calculations are summarized in Table 2 .
In each of the sections below, we first describe the idealized structures obtained from the calculations on prototype compounds and then compare them to results of X-ray and electron-diffraction structure determinations. A perfect agreement cannot be expected, as (i) we have used only a moderate-size basis set for the calculations, 1b (ii) in view of the "floppyness" of many species, packing effects will have a large influence on the experimental structures, and (iii) for many cases, the prototype on which the calculations are performed is unknown or forms a polymer in the solid state, so that the comparison is with a more substituted derivative.
Nevertheless, the agreement between the calculated and observed structures is seen to be good enough that we feel justified in using the calculated structures and (11) a Energy relative to most stable structure (kcal/mol). b Legend: M-Cp ) perpendicular distance of M to least-squares Cp plane; Cg ) center of gravity of Cp ring; slip ) distance between Cg and perpendicular projection of M on Cp plane. Experimental data (where available) are given in parentheses. c Compound for which experimental data are available. d Transition state for η 1 /η 5 ring "exchange". e The four compounds for which experimental data are given all have the η 5 :η 1 structure instead of the calculated η 2.5 :η 2.5 structure. f Averaged over the four independent Cp*Al moieties. g This structure is probably disordered and unreliable.
energy profiles as a basis for the interpretation of structural preferences, in the Discussion part of the paper. Groups 1 and 2. CpLi, Cp 2 Li -, CpNa, Cp 2 Na -, CpBe + , CpBeH, CpMg + , CpMgH, and Cp 2 Mg all prefer η 5 structures, as expected for a mainly ionic 1c,16 Cp-M interaction. The slippage curves are a bit softer for the larger elements Na and Mg, as would be expected on the basis of an electrostatic model (e.g. A 5 ) 0.49 Å 2 for CpLi, 1.5 Å 2 for CpNa); slippage curves are also much softer for the dicyclopentadienyl systems than for the monocyclopentadienyl systems (A 5 ) 0.92 Å 2 for CpMgH, 1.3 Å 2 for Cp 2 Mg, 4.6 Å 2 for Cp 2 Na -). Slippage curves for CpMgH and Cp 2 Mg are shown in Figure 4 (a few iron and manganese derivatives are also included in the figure for reasons that will be explained later).
Monocyclopentadienyl derivatives of the group 1 elements are invariably associated and/or solvated, 17 (16) a Slippage assumed for selected arrangements: η 5 , 0 Å; η 3 , 0.8 Å; η 2 , 1.0 Å; η 1 , 1.2 Å. For σ the slip distance depends on the metal radius; the structure was optimized with ∠Cg-C-M constrained to 125°. b Relative to lowest energy structure. c In Å 2 . Area shapes: c ) central, p ) peripheral, l ) local (see Figure 3) . d On forcing an η 5 structure, Cp2Tl + collapses with a low barrier to a C-C coupled product. which makes a comparison with the calculated structures difficult. The X-ray structures of the Cp 2 Li -and Cp 2 Na -18,19 ions show approximately D 5d symmetric anions with metal-ring distances very similar to the ones we calculate; the agreement is a bit better than that obtained at the RHF level by Harder. 19b The X-ray structure of Cp 2 Mg 20 also shows a D 5d -symmetric structure, with a metal-ring distance slightly shorter (0.04 Å) than we calculate. The structure calculated for CpBeH shows fair agreement with that observed for CpBeMe in the gas phase; 21 the structure of monomeric, gaseous CpMgCH 2 tBu 22 is also similar to the one we calculate for CpMgH.
The structure of Cp 2 Be has been the subject of numerous experimental and theoretical investigations; the literature on this compound is extensive and will not be reviewed here. 23, 24 The X-ray structure shows an unusual slipped-sandwich structure. 23a-c Like others, 1c,24d,f we find that the minimum-energy structure has one η 5 -bound and one η 1 -bound ring. Thus, the two "minima" along the Cp 2 Be slippage curve in Figure 5 actually represent the same structure. There is a low barrier (1.8 kcal/mol) for exchange of the rings via a η 3 : η 3 structure. The avoidance of a η 5 :η 5 structure (which is ca. 2 kcal/mol above the η 5 :η 1 minimum) has been interpreted as evidence for covalency (with its concomitant preference for electron-precise structures) or as a consequence of excessive steric repulsion between the two rings in the η 5 :η 5 structure due to the small radius of Be. Presumably, both effects are important; we will return to this point later. Provided that the second Cp ring is allowed to adjust its hapticity, movement of the Be atom over the whole area of the first Cp ring is nearly free (within 2 kcal/mol). The accessible area A 5 is 15 Å 2 , i.e., more than twice the area of the Cp ring itself! Of the substituted beryllocenes, (Me 4 C 5 H) 2 Be has been found to have a slip-sandwich structure similar to Cp 2 -Be, but the even more crowded (Me 5 C 5 ) 2 Be surprisingly has a structure that is closer to η 5 :η 5 . 25 Group 11. While normally considered to be transition metals, the elements Cu-Au have been included here because their metal(I) cyclopentadienyls, having a completely filled d shell, are more reminiscent of maingroup-metal derivatives. Of the formally 16e uncomplexed CpM species, CpCu has a soft slippage mode (A 5 ) 8.5 Å 2 ) with a weak preference for η 5 bonding, while CpAg has an even softer slippage mode (A 5 ) 18 Å 2 ) mode, but now with a weak preference for η 1 bonding (see Figure 6 for geometries along the path), and CpAu is clearly σ-bound. Adding a phosphine ligand, to form an 18e CpM‚PH 3 complex, results in an increased tendency toward polyhapto bonding: CpCu‚PH 3 is strongly η 5 -bound (A 5 ) 2.2 Å 2 ), CpAg‚PH 3 has a weak preference for η 5 bonding (A 5 ) 11 Å 2 ), and although CpAu‚PH 3 is σ-bound the difference with the η 5 -bound structure has become smaller than for uncomplexed CpAu. Thus, increasing saturation of the metal does not necessarily result in a decreased tendency for η 5 bonding! Experimentally, ligand-free Cp-group 11 complexes are unknown. CpCu‚PR 3 complexes are generally η 5 -bound, 26 although the interaction has been stated to be weaker than usually observed for transition metals. 26d The X-ray structure of (Me 3 Si) 3 C 5 H 2 Ag‚PnBu 3 contains two independent molecules, which are approximately η 3 and η 4 bound. 27 Complexes of the type CpAu‚PR 3 are consistently η 1 -bound. 28 Group 12. The group 12 systems are clearly more "floppy" than the corresponding group 2 systems (e.g. CpMgH, A 5 ) 0.92 Å 2 ; CpZnH, A 5 ) 2.7 Å 2 ). CpZnH and CpCdH prefer η 5 -bound structures, while CpHgH has a σ-bound structure. Similarly, Cp 2 Zn and Cp 2 Cd are η 3 :η 3 bound, while Cp 2 Hg is σ:σ. The electron-excess D 5d structure is weakly avoided in Cp 2 Zn and Cp 2 Cd (by less than 1 kcal/mol), but is strongly destabilized for Cp 2 Hg (23 kcal/mol higher than σ:σ). For the cations CpM + , we see a clear preference for more localized bonding, which increases from Zn to Hg. Thus, we again find the counterintuitive tendency that increasing the metal saturation (going from CpM + to CpMH) leads to higher hapticity. CpZnH 2 -, the model for a Lewis base adduct of CpZnH, prefers an η 2 structure similar to that of CpAlH 2 (see below).
The "metallocenes" Cp 2 Zn and Cp 2 Cd are subtly different from Cp 2 Be (see Figure 5 ). Whereas beryllocene prefers the η 5 :η 1 structure and has a small barrier to ring exchange via a η 3 :η 3 structure, we find that Cp 2 -Zn and Cp 2 Cd actually prefer the η 3 :η 3 structure, the η 5 :η 1 structure being ca. 0.5 kcal/mol higher in energy. Rayón and Frenking, using a different functional and basis set, report a preference of Cp 2 Zn for a η 5 :η 1 structure. 1c In any case, for all three compounds movement over all of the ring area is virtually free. Geometries for some representative points along the slippage curve of Cp 2 Zn are shown in Figure 8 . The extreme ease of the slippage in Cp 2 Zn and Cp 2 Cd is reflected by their A 5 values of 15 Å 2 . In view of the much larger sizes of Zn and Cd compared to Be, the preference for an electron-precise structure must now be caused by covalency rather than by steric effects.
Experimentally, monomeric CpZnX compounds have an η 5 -bound Cp ring. 29 The structure of monomeric Cp 2 -Zn is unknown (in the solid state it is a polymer 30 ); the monomeric substituted derivatives (Me 5 C 5 ) 2 Zn, 31a-c (PhMe 4 C 5 ) 2 Zn, 31c (iPr 4 C 5 H) 2 Zn, 31d and (Me 3 SiC 5 H 4 ) 2 -Zn 31c all appear to adopt the "slipped-sandwich" η 5 :η 1 structure instead of the η 3 :η 3 structure we calculate for the parent compound. The structure of base-free Cp 2 -Cd is unknown; the Cp groups are η 1 -bound in Cp 2 Cd-(Py) 2 32a and Cp 2 Cd(pmdta) 32b but η 2 -bound in Cp 2 Cd-(tmeda). 32b Cyclopentadienyl derivatives of mercury appear to be σ-bound; 26e in the case of Cp 2 Hg, 33a (tBu 3 C 5 H 2 ) 2 Hg, 33b (tBuSiMe 2 Me 4 C 5 ) 2 Hg, 33c (tBuSiMe 2 - Me 4 C 5 )HgCl, 33c and Cl 5 C 5 HgPh 33d this has been confirmed by X-ray diffraction.
Group 13. The metal(I) cyclopentadienyls of Al-Tl all prefer η 5 -bound structures with rather long M-Cp bonds. However, deformation toward lower hapticity is not particularly easy, as illustrated by the similarity of the A 5 values for CpAl and CpMgH (both 0.92 Å 2 ). This demonstrates that the large Cp-M distance does not imply a weak bond. On formal protonation of the metal lone pair, to give CpMH + , the metal-ring distance decreases, butsespecially for the heavier group 13 elementssthe preference for η 5 bonding also decreases (e.g., A 5 ) 1.4 Å 2 for CpIn, 2.6 Å 2 for CpInH + ). In fact, CpTlH + prefers an η 1 structure. In the series of dicyclopentadienyl derivatives Cp 2 M + , we find a curious alternation of structural types, which has in part (B, Al, Ga) already been reported by Cowley. 2 Cp 2 B + strongly prefers an electron-precise η 5 :η 1 structure, similar to Cp 2 Be but even more compact. Cp 2 Al + has a η 5 :η 5 D 5d structure similar to Cp 2 Mg. Cp 2 Ga + and Cp 2 -In + both again have a η 5 :η 1 structure, with the electronexcess D 5d structure ca. 7 kcal/mol higher in energy. Cp 2 Tl + has a η 1 :η 1 structure, and here, as for Cp 2 Hg, the D 5d structure is strongly avoided (by 44 kcal/mol). According to our calculations, Cp 2 Tl + easily collapses to a C-C coupled structure; therefore, we think that isolation of unsubstituted Cp 2 Tl + derivatives is unlikely.
The neutral complexes CpMH 2 (M ) B-Tl) all prefer η 2 -bound structures, although the energy difference with the η 3 (or η 1 ) isomer is uniformly small (1-2.5 kcal/mol). The central η 5 -bound structure is strongly avoided for M ) B and weakly avoided for M ) Ga-Tl (by 5-10 kcal/mol), whereas for Al slippage of the MH 2 fragment over all of the ring area is nearly free (within ∼2 kcal/ mol). Geometries for some representative points along the slippage curve of CpGaH 2 are shown in Figure 9 .
In the series of dicyclopentadienyl hydrides Cp 2 MH, Al prefers a η 2 :η 2 structure (Al-C bond lengths of 2.15 and 2.20 Å), whereas with the heavier congeners GaTl the situation is better described as η 1.5 :η 1.5 (e.g., Ga-C bond lengths of 2.13 and 2.34 Å). CpAlH 3 -, as a model for a Lewis base adduct of CpAlH 2 , prefers the expected σ-bound structure.
Substituents can also influence the preferred coordination mode: whereas CpBH 2 favors an η 2 -bound structure by 2.0 kcal/mol, the σ-bound structure is preferred for CpBMe 2 (by 3.7 kcal/mol) and CpBCl 2 (by 5.9 kcal/mol). One would expect stronger π-donors than Cl (e.g. alkoxides or amides) to induce an even larger preference for σ-CpBX 2 structures. For aluminum, the effects of substituents are different: going from CpAlH 2 to CpAlMe 2 increases the preference for the η 2 structure (over η 3 ) from 1.6 to 2.4 kcal/mol; CpAlCl 2 prefers an η 5 structure. Going from CpAlH 3 -to CpAlCl 3 -somewhat unexpectedly increases the preference for a σ-bound structure from 5.1 to 7.4 kcal/mol.
Uncomplexed cyclopentadienylboron(I) compounds are unknown. CpAl, generated at low temperature in solution, appears to form a tetramer; at higher temperatures it decomposes. 34a Me 5 C 5 Al is more stable. In solution the monomer is in equilibrium with the tetramer; 34a in the gas phase the monomer has an AlCp distance of 2.06 Å, 34b equal to the one we calculate for CpAl, while the tetramer observed in the solid state has somewhat shorter Al-Cp distances. 34c Monomeric CpGa is also unstable. 35a Me 5 C 5 Ga forms a curious hexameric structure in the solid state, 35b but in the gas phase it is monomeric like the Al analogue, with a metal-ring distance of 2.08 Å 35c (calcd for CpGa 2.18 Å). Many cyclopentadienyl derivatives of indium(I) 36 has a η 3 :η 1 structure. In the last case, the deviation of the polyhaptobound Cp ring from the nearly ideal η 5 arrangement calculated for Cp 2 Ga + may be caused by interaction of the Ga centers with the BF 4 groups; 2 since in the X-ray structure the η 1 -bound ring is slipped less than calculated for the isolated cation, the distortion may be viewed not so much as a reduction of hapticity but rather as a deformation toward a η 3 :η 3 arrangement.
There are no X-ray structures of cyclopentadienylboron dihydrides, dialkyls, or dihalides; the closest relative is probably Me 5 C 5 B(Cl)(AstBu 2 ), which has the expected σ-bound structure. 41 CpAlMe 2 forms a coordination polymer with bridging Cp groups in the solid state. 42b In the gas phase, the Cp ring is bound in a polyhapto fashion, presumably η 2 . 42a CpMX 2 derivatives with larger and/or more electronegative substituents have the Cp ring η 5 -bound. 42q The structure of Cp 3 Al contains one molecule with a η 2 :η 1.5 :η 1.5 arrangement and one that more closely resembles η 2 :η 1.5 :η 1 , (Me 3 C 5 H 2 ) 3 Al is η 5 :σ:σ, and (Me 4 -C 5 H) 3 Al is σ:σ:σ. The variability of the bonding arrangements has been ascribed to a very flat potential for ring slippage, combined with the steric effects of increasing methyl substitution. Cp 3 Ga, 43e (Cp 2 GaOEt) 2 , 43f [(Me 5 C 5 ) 2 -GaCl] 2 , 43g and (Me 5 C 5 ) 3 Ga 43h all have σ-bound Cp rings.
Group 14. The monocyclopentadienyl cations CpM + (M ) Si-Pb), isoelectronic with the neutral group 13 derivatives, have similar η 5 structures with large metalring distances. Not surprisingly, the preference for a central η 5 structure is even more pronounced here than for the group 13 elements (CpSi + , A 5 ) 0.40 Å 2 ; CpAl, A 5 ) 0.92 Å 2 ). The dicyclopentadienyls Cp 2 M have bentsandwich structures in which ring slippage decreases but bending stays nearly constant on going from Cp 2 Si (η 2 :η 2 : ∠Cg-M-Cg ) 155°, slip 0.72 Å) to Cp 2 Pb (η 4 : η 4 : ∠Cg-M-Cg ) 155°, slip 0.24 Å). The difference in energy between the bent-sandwich structure and the idealized D 5d structure is uniformly small (for Si-Pb: 4.1, 0.6, 1.9, 0.6 kcal/mol, respectively). Bending of these species has been the subject of several papers 1c,45,47c,50f and will not be discussed in detail here. The divalent complexes CpMH all prefer η 2 -bound structures, with the hydride pointing away from the Cp group. The difference between η 2 and η 3 structures is small (1-2 kcal/mol). The tetravalent species CpMH 3 all prefer purely σ-bound structures with a considerable barrier for ring whizzing via the η 2 structure; this barrier decreases somewhat on going from Si (14 kcal/mol) to Pb (8 kcal/mol). Figure 10 shows the calculated η 2 and η 3 /σ structures of CpGeH and CpGeH 3 .
No structures of isolated unsubstituted cations CpM + (M ) Si-Pb) have been determined, but the structure of Cp 3 Sn 2 BF 4 (THF) contains an η 5 -CpSn unit only weakly bound to a THF molecule and the Cp rings of neighboring Cp 2 Sn units. 46 More substituted Cp′M + derivatives of Ge-Pb invariably show η 5 structures; 47 no derivatives of CpSi + have been reported yet. The X-ray structures of Me 5 C 5 GeCH(SiMe 3 ) 2 , 48a Me 5 C 5 GeC-(SiMe 3 ) 3 , 48b Me 5 C 5 GeC 6 H 2 tBu 3 , 47b Me 5 C 5 GeCl, 47b,48c and Me 5 C 5 SnCl 48d as well as the transition-metal complexes Me 5 C 5 Ge(CH(SiMe 3 ) 2 )W(CO) 5 48e and Me 5 C 5 Ge(Cl)W-(CO) 5 48f have the metal atom η 2 -bound to the Cp ring. The structure of CpSnCl has also been reported, 48g but the Cp ring bond lengths and angles clearly indicate the presence of severe disorder in the crystal, making it difficult to establish the mode of bonding of the ring to the metal. Cp 2 Si is unknown; the unit cell of (Me 5 C 5 ) 2 -Si contains two independent molecules, one of which is bent but the other has strictly parallel rings. 49 Monomeric Cp 2 Ge 50a and Cp 2 Sn 51a,52a have the expected bentsandwich structure; substituents on the Cp ring tend to reduce the degree of bending. 50b-f,51b-d Cp 2 Pb is polymeric 52b-d or oligomeric 52c in the solid state, but in the gas phase it adopts a bent-sandwich structure; 52a substituted derivatives have sandwich structures with variable degrees of bending. 50e,f,51a,52e-g Metal(IV) cyclopentadienyls of Si-Pb invariably have η 1 or σ-bound Cp rings, 53a-i although fluxionality of the ring is frequently observed in solution. 53j
Group 15. Cationic metallocenes Cp 2 M + of As and Sb prefer slipped bent-sandwich structures which are best described as η 2 :η 2 , similar to Cp 2 Si. Cp 2 Bi + prefers a symmetrical D 5d structure, i.e., with a stereochemically inactive lone pair. The cations CpMH + (M ) AsBi) all prefer an η 2 structure (H away from Cp) to the η 3 alternative; the preference decreases on going down the periodic table from As (6 kcal/mol) to Bi (3 kcal/mol). Neutral species Cp 2 MH all have a σ:σ structure. Dihydrides CpMH 2 are likewise σ-bound, with the hydrides pointing away from the Cp group; the barrier for ring whizzing decreases from As (17 kcal/mol) to Bi (8 kcal/ mol).
Metallocenium type bent-sandwich structures have been observed for (Me 5 C 5 ) 2 As + , 54 (Me 5 C 5 ) 2 Sb + , and (tBu 3 C 5 H 2 ) 2 Sb + ; 55 the bismuth analogue (tBu 3 C 5 H 2 ) 2 Bi + has nearly parallel η 5 :η 5 -bound Cp rings. 56 (Me 5 C 5 )-PNHtBu + has an η 2 -bound Cp ring. The structures of Cp 3 Sb 57 and Cp 3 Bi 58 each contain three σ-bound Cp rings. The monocyclopentadienyl derivatives (iPr 4 C 5 H)-MCl 2 show a gradual change from σ to η 1 /η 3 type metalCp interactions on going from P to Bi and a decreasing barrier for ring whizzing. 59 Comparison with Transition Metals. To put our results in perspective, we have also included a few transition-metal complexes. The slippage curves for typical saturated 18e complexes Cp 2 Fe and CpMn(CO) 3 (see Figure 4) are much steeper than those for any maingroup metal, as is also demonstrated by their small A 5 values of 0.20 and 0.26 Å 2 , respectively (cf. Cp 2 Mg, 1.3 Å 2 ; CpMgH, 0.92 Å 2 ). This illustrates the strength of the π-component of the bonding in these complexes: σ-type interactions can be maintained up to relatively large slippage distances, but even a modest slippage already results in loss of at least one π-interaction. On the other hand, the high-spin Mn II derivatives CpMnH (A 5 ) 0.99 Å 2 ) and Cp 2 Mn (A 5 ) 1.8 Å 2 ) have much softer curves (also included in Figure 4 ) rather similar to those of their magnesium counterparts, as expected for a largely ionic metal-ring interaction.
Discussion
Ionic vs Covalent Bonding. Cyclopentadienyls of Li, Na, and Mg are probably best described as mainly ionic. 1c As a consequence, the structures exhibit the highest hapticity compatible with steric constraints. Complexes of Be and Al are borderline. The η 5 :η 5 structure of Cp 2 Al + and the nearly free movement in CpAlH 2 of the AlH 2 fragment over the ring surface indicate that excess-electron structures are easily accessible, which is easily explained by a high degree of ionicity in the metal-Cp bond. For Cp 2 Be, it is probable that both partial covalency and steric effects destabilize the η 5 :η 5 arrangement and so combine to give an electron-precise structure as the global minimum. For all other metals studied, the observed structures are probably best interpreted in covalent terms. This does not mean that the contribution of ionicity will be unimportant. All elements included in this study are more electropositive than carbon. Indeed, extensive studies by Rayón and Frenking show that, except for boron, most of the Cp-metal bonding energy is due to the electrostatic component of the bonding. 1c Since, however, covalent interactions are much more directional, they can easily dominate in determining structure and hapticity even if their energy contribution is relatively modest.
η 5 or a Lower Hapticity? Even though we are going to describe metal-Cp bonding in covalent terms, it is most convenient to start with a Cp anion and a positively charged metal fragment. Bonds are then formed by donation of electrons from the Cp group to the metal. The orbitals involved in the metal-ring bonding are the three Cp π orbitals (π 1 , π 2a , π 2b ) and the metal ns and np orbitals. To interpret the results described earlier, we have to distinguish between systems with an initially empty ns orbital (Cu + , Zn 2+ ) and an initially filled ns orbital (Al + , Si 2+ ). Intermediate situations occur if the ns orbital is partially occupied because it is involved in bonding within the metal fragment (CuPH 3 + , ZnH + ). If the metal ns orbital was originally empty, it will form the strongest bond to the Cp anion. Since the best overlap is obtained in an η 1 -or σ-bound situation, this results in a preference for a localized interaction with a single carbon. Of course, the metal np orbitals are empty as well and can form additional π-bonds to the ring in an η 5 situation. However, of the relevant systems (Cu + -Au + , Zn 2+ -Hg 2+ ), only Cu + forms π-bonds that are strong enough to compensate for the partial loss of σ-bonding in the η 5 structure, resulting in nearly free movement of Cu over the ring plane. Moving both down (to Au + ) and to the right (to Zn 2+ ) in the periodic table makes the competition of the p π orbitals less effective, resulting in a preference for localized bonding.
The situation changes if a σ-donor is added to the metal (e.g. PH 3 to Cu + or H -to Zn 2+ ). This makes the metal ns orbital a weaker acceptor for Cp electron density and hence decreases the preference for σ-bonding. As a result, CpAg‚PH 3 , CpZnH, and CpCdH are η 5 -bound, whereas CpAg, CpZn + , and CpCd + were not. The somewhat counterintuitive result that adding a donor can increase the hapticity of the complex is best explained by noting that the effect of the σ-donor on the σ-system, which opposes η 5 -bonding, is direct, whereas the effect on the metal p π -acceptor orbitals, which favor η 5 -bonding, is only indirect.
If the metal ns orbital was originally full (i.e. it was a metal-centered lone pair), it will have a repulsive interaction with the ring π orbitals, resulting in a large metal-Cp distance. The metal-Cp bond is now mainly formed by metal np orbitals. Since the p π interaction is not much weaker than the p σ interaction, a strong preference for high hapticity is observed in the monoCp derivatives of Al + -Tl + and Si 2+ -Pb 2+ . Formal protonation of the metal ns lone pair to form an M-H bond reduces its repulsion with the Cp ring. This results not only in shorter Cp-M distances but also in an increased preference for a localized interaction, because the ns orbital can now participate in the metal-Cp bond. Thus, CpTlH + prefers an η 1 -bound structure, while CpTl is η 5 .
In the bis-Cp derivatives of Si 2+ -Pb 2+ , having two η 5 -bound Cp rings would result in electron-excess structures. This is avoided in Cp 2 Si by ring slippage to a η 2 : η 2 structure. In Cp 2 Pb, where the interaction is somewhat more ionic, having an excess-electron structure is less of a problem, and a structure closer to η 5 :η 5 results. Similar trends are seen in Cp 2 M + (M ) As-Bi). In all of these structures, M-Cp distances are relatively large because of M ns-Cp π repulsion.
Regardless of the initial state of the of the metal ns orbital, if metal np π-acceptor orbitals are blocked by additional electron-pair donors a lower hapticity always results. Clear examples of this effect are CpZnH (η 5 ) f CpZnH 2 -/CpAlH 2 (η 2 ), CpSn + (η 5 ) f CpSnH/CpSbH + (η 2 ), and CpAlH 2 (η 2 ) f CpAlH 3 -/CpSiH 3 (σ). Thus, as long as the Cp-M bond is not too ionic, electroncounting rules can at least be used to predict an upper limit to the hapticity.
Throughout the periodic table we consistently see a "softer" Cp-metal bond on going down a group. In most cases the heavier elements show a tendency toward lower hapticity, but in a few cases (in particular for 
, and CpMH + (M ) As-Bi). In principle, one could expect either an η 3 or an η 2 structure. However, examples of η 3 structures are rather rare, and our calculations indicate that η 2 structures are uniformly preferred on electronic grounds. How can this be explained?
In MO terms, the two types of structures are nearly equivalent: they just correspond to a choice between the two initially degenerate π orbitals π 2a and π 2b of the Cp fragment. Of course, the fact that the two orbitals are degenerate does not mean they have the same overlap with a peripherally bound metal fragment in the two situations. Also, the system will deform after bonding to localize ring π bonds and overlaps, and this may be different for the two choices. Nevertheless, it is not easy to rationalize the observed η 2 preference in MO terms. We turned to a VB description of the metal-ring interaction, in the hope that this can provide a clearer picture.
The species CpAlH 2 , CpSiH, and CpSiH 3 were used as model compounds. The fragment-ring interaction can be described by the three VB electronic structures shown in Figure 11 , which we shall call ionic, σ bond, and π bond (obviously, there is no π bond structure for CpSiH 3 ). These structures contribute significantly in the VB calculations. Structures with simultaneous σ and π fragment-ring bonds or structures with a positive charge on the Cp ring were found to be unimportant. Thus, the Cp-metal interaction must be described as a single bond with partial σ and partial π character.
Relevant data (energies, overlaps) have been collected in Table 3 . For both CpAlH 2 and CpSiH, the π bond structures have almost the same energy for the η 2 and η 3 arrangements. Both the ionic and the σ bond structures are, however, significantly lower in energy for the η 2 arrangement. For the ionic structure, this may be due to a closer contact between the fragment and the ring. For the σ bond structure, the larger orbital overlap in the η 2 geometry may contribute; the CpSiH orbital drawings in Figure 12 clearly illustrate the better σ overlap in the η 2 geometry and the better π overlap in the η 3 geometry. For CpAlH 2 , the ionic structures are intermediate in stability between the σ and π structures; for CpSiH, the ionic structures are the least stable ones. The ionic-σ resonance contribution favors the η 2 geometry, but both resonances involving the π structure favor the η 3 geometry. The net effect of these counteracting contributions is a small preference for the η 2 geometry.
For CpSiH 3 , the situation is quite different. There is no π bond structure, and the σ bond structure is always much more stable than the ionic structure. The ionic structure has a slight preference for the η 2 geometry, but the σ bond structure is much lower in energy for the η 1 arrangement. This strong preference might be due to the significantly larger orbital overlap (see Table  3 ) in the η 1 geometry. Possibly, the improved overlap in the η 2 case for CpAlH 2 and CpSiH, but not for CpSiH 3 , is due to the different composition of the fragment orbital used for metal-ring bonding. In the former two cases, it is an sp 2 hybrid, which is relatively diffuse and hence overlaps well with a partner composed of two ring p π orbitals. In the case of CpSiH 3 , it is an sp 3 hybrid, which is more concentrated and hence overlaps better with a single carbon sp 3 hybrid. The orbital drawings in Figure 13 illustrate the better match in orbital sizes for the η 1 arrangement.
In any case, the VB calculations indicate that, although π bonding is important in unsaturated species such as CpAlH 2 and CpSiH, it is not the main factor in causing the η 2 geometry. Rather, the σ bond and ionic contributions appear to be responsible for the general preference for η 2 structures.
Cp Deformations during Ring Slippage. As the metal fragment moves over the Cp ring, the ring deforms, resulting in unequal C-C bond lengths. The bond length changes seen during ring slippage are readily correlated with electronic interactions: π orbitals that are involved in metal-ring interactions become depopulated (compared to Cp -), resulting in elongation of the C-C bonds for which those orbitals are bonding. These changes can be seen in Figures 6 and 8-10 . They are rather modest (typically 0.02-0.06 Å, always less than 0.1 Å), close to the error margins of many X-ray structure determinations. In addition, X-ray structures of Cp-main-group-metal compounds often suffer from disorder problems, which may not always have been recognized. Thus, the practical use of Cp C-C bond lengths as indicators of metal-Cp interactions is probably limited. Certainly, large deformations such as the ca. 0.2 Å reported for CpSnCl 48g must be due to crystallographic problems rather than real structural effects.
Conclusions
The theoretical study of a large number of maingroup-metal cyclopentadienyls has allowed us to extract some general trends and explain these in terms of ionic contributions and orbital interactions.
Ionic bonding dominates in Li, Na, and Mg derivatives and leads to structures of maximum hapticity. Al is a borderline case, where enough ionic character exists to sometimes form electron-excess structures; this may also be true for some Pb and Bi compounds. In all other cases, electron-precise or electron-deficient structures are formed, where the precise hapticity depends on several factors. If the metal initially has a doubly filled ns orbital, a long Cp-MM bond results, and hapticities are as high as permitted by the electron count (CpGa, CpSn + : η 5 ). If the metal ns orbital is only incompletely filled, it starts to participate in the Cp-MM bonding, causing an increased preference for localized bonding, especially for the heavier elements (CpCu‚PH 3 , CpZnH, and CpGaH + are all η 5 , but CpAu‚PH 3 , CpHgH, and CpTlH + are σ or η 1 ). If the metal ns orbital was originally empty, the preference for a localized bond becomes rather strong (CpCu is still marginally η 5 , CpZn + is η 2 , and CpAg is η 1 ). On going down a group, we always find a softer Cp-M interaction (shallower slippage curve) and usually also a trend toward more localized bonding.
The wide variety of structures observed in these maingroup-metal cyclopentadienyls is caused by the rather different metal-ring bonding preferences of the metal ns and np orbitals. In the transition-metal series, the different types of interactions are much better balanced, causing a nearly uniform η 5 preference. Main-groupmetal orbitals are generally more suitable for formation of σ-bonds than of π-bonds. This may also explain the frequent observation of polymeric structures in the solid state.
